This study examined the pattern of colonization of the neonatal gut by aerobic Gram-negative bacilli (GNB) and evaluated the association between gut colonization and sepsis in the developing world. This deserves attention because of the high incidence of sepsis and the differences in hygienic environments in developing countries compared with the developed world. The study was carried out on neonates in a tertiary-care government hospital. Serial gut samples were analysed (gastric aspirates and stool samples) for GNB. Blood samples of cases showing clinical signs of sepsis were also analysed for septic screening and culture positivity. Antibiograms, serotyping and PFGE were carried out to evaluate the relatedness of the gut and blood isolates. A diverse array of GNB was isolated from the gut of the neonates, Klebsiella pneumoniae being most common, followed by Escherichia coli. The rate of isolation of GNB was consistently higher in stool samples compared with gastric aspirate samples. Colonization was influenced by a stay in the neonatal intensive care unit and by the prolonged use of a feeding tube. GNB were the cause of sepsis in the majority of cases, with K. pneumoniae being the most frequently isolated GNB from the blood. Acinetobacter baumannii, Escherichia coli, Enterobacter cloacae and Burkholderia cepacia were the other GNB recovered from the blood of the neonates. Neonates with GNB in the gut had a higher incidence of clinical sepsis than those without. In 50 % of cases, the genotypes of the organisms found in the blood were indistinguishable from their gut counterpart. These results show that the neonatal gut is colonized with a diverse array of GNB, and an association between gut colonization and neonatal sepsis was observed.
INTRODUCTION
The gut of a neonate is colonized by bacteria immediately after birth. Among the hundreds of bacteria that colonize the gut, there are some potential pathogens (Guarner & Malagelada, 2003; Sharma et al., 2009) . Whilst not all colonization leads to infection, the pathogenicity of aerobic Gram-negative bacilli (GNB) may predispose neonates towards infection (Graham et al., 2007; Pierro et al., 1998; van Saene et al., 2003) . The vulnerability of the immune system and the gut barrier in neonates, particularly in those who are premature and of low birth weight, make the neonate especially prone to colonization with aerobic GNB.
Studies have shown that GNB in the gut may predispose neonates to septicaemia (Pierro et al., 1998; van Saene et al., 2003) . Evidence from surgical neonates shows that gut overgrowth, particularly with GNB, causes depression of the mucosal and systemic immunity leading to the development of sepsis (Donnell et al., 2002) . However, the association between enteric organisms and subsequent sepsis remains, at least in humans, largely circumstantial and based on surgical cases (Donnell et al., 2002; MacFie, 2004) . However, in developing countries such as India, neonatal sepsis occurs in large numbers of neonates without any surgical intervention.
Although there have been studies examining patterns of colonization of the neonatal gut with GNB (Magne et al., 2005; Schwiertz et al., 2003) , there are few originating from developing countries (Adlerberth et al., 1991; Bennet et al., 1991) . This deserves to be studied separately because of the differences in maternal health, hygiene conditions during delivery and hospital milieu between developed and developing countries. Hence, this study examined the pattern of colonization of the neonatal gut with GNB in a tertiary care hospital in India. As the majority of neonatal deaths worldwide (Black et al., 2010; United Nations Children's Fund, 2009 ) and in India are due to sepsis (National Neonatology Forum & Save the Children, 2004; Paul, 2006) and a major proportion is due to GNB (Edmond & Zaidi, 2010) , the current study also explored the association of GNB in the gut of neonates with subsequent sepsis.
METHODS
Clinical setting. GNB were isolated and studied from the gut of 242 neonates, who were either born at the tertiary care hospital in Kolkata, India (intramural births) or referred from some other facility (extramural births) during 2007. Of the 242 neonates, 187 were those admitted to the neonatal intensive care unit (NICU) and 55 were uncomplicated neonates admitted to the post-natal ward of the same hospital. Samples were collected only from neonates who stayed in the hospital for at least 72 h and whose parents consented to the study. To study the pattern of colonization of the gut, the first gastric aspirate (GA-1) and the first stool sample (S-1) were collected from the study population, the former being collected within 4 h of birth. Second gastric and stool samples (GA-2 and S-2) were also collected from the same study population within the next 3-7 days of birth. The study was approved by the Institutional Ethics Committee, National Institute of Cholera and Enteric Diseases, Kolkata, India. All parents or guardians gave written informed consent for the neonates to enter the study.
In order to ascertain the association of gut colonization with GNB and sepsis, all neonates showing signs of sepsis during the study period were evaluated by clinicians and their blood collected for culture before the administration of antibiotics. Neonates with a positive-blood culture were identified as 'culture-positive sepsis'. Neonates were evaluated independently by two clinicians and any one of the following signs was considered as suspicious for sepsis: lethargy, apnoea, tachypnoea, tachycardia, hypotension, temperature instability, poor feeding, poor perfusion or abdominal distension. Neonates with one or more of the aforementioned signs and a positive-septic screen, without or with a positive-blood culture, were considered as 'clinical sepsis only' or 'clinical sepsis and culture-positive sepsis', respectively. A positive-septic screen was defined as the presence of any two of the following four parameters: (i) total leukocyte count ,5000 mm 21 (band-to-total polymorph ratio .0.2; (ii) absolute neutrophil count ,1800 cells mm 23 ; (iii) C-reactive protein .1 mg dl 21 ; and (iv) micro-erythrocyte sedimentation rate .10 mm in the first hour (Chiesa et al., 2004; NNPD, 2005) .
Knowing the limitation of blood culture (Mancini et al., 2010) , all neonates with signs of sepsis and a positive-septic screen were defined as 'clinical sepsis', even with a negative blood culture, and were included in the analysis.
Genetic similarities (genotypes) between the organisms isolated from the gut and those isolated from the blood were ascertained by antimicrobial susceptibility testing, serotyping (Escherichia coli only) and PFGE.
Sample collection and microbiological methods
Gastric aspirates and stools. Approximately, 2 ml gastric aspirate from the neonates was collected by an enteral feeding tube in sterile bottles (GA-1 and GA-2) and stored at 4 uC. Stool samples (S-1 and S-2) were also collected from the same group of neonates from sterile nappies and stored in sterile containers at room temperature. The samples were sent to the laboratory within 4 h of collection. The numbers of samples obtained for analysis were 161 GA-1, 214 GA-2, 150 S-1 and 211 S-2.
All gastric aspirate and stool samples were streaked directly onto MacConkey agar plates (Difco Laboratories) and incubated overnight at 37 uC. All morphologically different colonies were picked from the plates and processed for identification using standard biochemical tests and then verified with an ID32E or ID32GN system (bioMérieux).
Blood. One millilitre of blood was collected by vein puncture from all neonates with signs of sepsis. Blood samples were taken and transported to the laboratory in 9 ml brain-heart infusion broth (Difco Laboratories) and incubated at 37 uC for up to 72 h after collection. All specimens with visible turbidity were streaked directly onto 5 % sheep blood agar and MacConkey agar plates. The Gramnegative isolates were identified by different biochemical tests and further verified by using an ID32E or ID32GN system (bioMérieux).
Antimicrobial susceptibility testing, serotyping and PFGE. To determine the similarities of organisms in the gut and blood, all blood isolates and their corresponding gut isolates from the 'culture-positive sepsis' cases were subject to antimicrobial susceptibility testing as recommended by the Clinical and Laboratory Standards Institute (CLSI, 2008) using commercially available discs.
Escherichia coli isolates were identified serologically by a slide agglutination method using a commercially available kit (DENKA SEIKEN).
Molecular typing was achieved by PFGE to corroborate the similarity of isolates from the blood of neonates and their corresponding gut (GA-1, GA-2, S-1 and S-2) isolates. PFGE was performed following the PulseNet protocol for Escherichia coli, Klebsiella pneumoniae and Enterobacter cloacae (http://www.cdc.gov/pulsenet/protocols.htm). Salmonella Braenderup H9812 was included as a molecular mass marker. For Acinetobacter baumannii isolates, PFGE was performed as described previously and a l ladder was used as a molecular mass standard (Corbella et al., 2000) . PFGE patterns were analysed and compared using FPQuest software, version 4.5 (Bio-Rad Laboratories). The levels of similarity were based on the Dice correlation coefficient. For cluster analysis of the patterns, UPGMA was used with a tolerance and optimization of 1.00 %. All isolates that were .90 % similar were considered indistinguishable.
Statistical methods. Data generated for the above samples and tests were analysed systematically using established statistical procedures. The majority of the analysis was based on comparing proportions of patients in different groups. Comparisons between non-parametric groups of data were made using a x 2 test.
Risk factors for colonization of GNB in the gut were evaluated by a multivariate logistic regression conducted using SAS version 9.1 for Windows. All potential risk factors were entered into the regression at the same time and the significance of each was evaluated by a standard two-tailed Wald x 2 test.
RESULTS

Patients
The demographic and clinical data for the 242 neonates included in the study are given in Table 1 .
Colonization of the neonatal gut with GNB
Pattern of occurrence of GNB in the gut. GNB could be isolated from 67 (42 %) GA-1, 147 (69 %) GA-2, 101 (67 %) S-1 and 198 (94 %) S-2 samples. Multiple organisms were isolated from 13 (8 %) GA-1, 25 (12 %) GA-2, 42 (28 %) S-1 and 113 (54 %) S-2 samples. Whilst the presence of GNB in the gut was extremely widespread, multiple organisms were isolated from fewer neonates. Analysis of the isolation rates reveals two patterns. Firstly, the rate of isolation of GNB (as well as the rate of isolation of multiple organisms) was consistently higher in stool samples than in gastric aspirate samples. Secondly, the rate of isolation (and incidence of multiple organisms) was higher in the second samples (GA-2 and S-2) than in the first samples (GA-1 and S-1).
Common GNB found in the gut. An array of 27 different aerobic GNB was isolated from the samples of these 242 neonates. Of these, K. pneumoniae was most common, being detected in 180 (74 %) neonates. Escherichia coli found in the gut of 157 (65 %) neonates was the next most common organism. Details of all GNB organisms isolated are shown in Table 2 . The rate of isolation of both K. pneumoniae and Escherichia coli was higher in the second gastric aspirate or stool sample compared with the first (Table 2 ), but this was not always true for the other organisms.
In the gastric aspirates, K. pneumoniae (19 and 57 % in GA-1 and GA-2) was isolated much more frequently than Escherichia coli (11 and 13 % in GA-1 and GA-2). The presence of K. pneumoniae in GA-2 was significantly (P,0.001) higher than Escherichia coli, but the rate of isolation of Escherichia coli and K. pneumoniae was very similar in the stool samples (30 and 31 % in S-1, and 59 and 66 % in S-2, respectively).
Another insight around the pattern of colonization was observed for K. pneumoniae and Escherichia coli. The genotypes of K. pneumoniae in the gut of the neonates (n520) in whom K. pneumoniae was also isolated from blood were analysed. Indistinguishable pulsotypes of K. pneumoniae were identified in the gut of different neonates (Fig. 1) . The major PFGE patterns among the isolates were indicated as A-O (Fig. 1) . K. pneumoniae with pattern C was isolated from the gut of nine neonates. Isolates with patterns D, F, H, I, J, L and N were isolated from the gut of at least two neonates. In contrast, Escherichia coli isolates from the gut of neonates (n54) showed distinct pulsotypes (Fig. 2) .
Risk factors for the occurrence of GNB in gastric aspirate
The results of a comparison of neonates with GNB in the GA-1 sample and those without GNB are shown in Table 3 . Multiple logistic regression identified the presence of maternal risk factors of sepsis (such as pyrexia, meconium liquor, urinary tract infection, premature rupture of membrane .24 h) [odds ratio (OR) 2.4; 95 % confidence interval (CI) 0.99-5.85] as the only positively associated independent risk factor for the occurrence of GNB in GA-1 samples. None of the other risk factors tested was significant.
The results of a comparison of neonates with GNB in the GA-2 sample and those without GNB are shown in Table 3 . Interestingly, among the same set of possible risk factors, multiple logistic regression established that a stay in the NICU (OR 6.39, 95 % CI 2.46-16.58) and prolonged feeding by an enteral feeding tube (OR 2.48, 95 % CI 1.07-5.73) were the only two positively related independent risk factors for the occurrence of GNB in the GA-2 sample. None of the other risk factors tested was significant.
Risk factors for GNB in stool samples were not analysed because colonization of the neonatal gut by 3-7 days after birth is considered a usual and normal phenomenon.
Association of GNB in the gut and sepsis in neonates
Organisms found in the blood of neonates. Of the 178 neonates who showed signs of sepsis and from whom blood was drawn, 49 (28 %) had a positive-blood culture. Blood samples from 32 (65 %) of these 49 neonates grew GNB. Gram-positive organisms were isolated from 16 (33 %) of these neonates. Only in one case was septicaemia due to Candida. Among the cases with GNB in blood, K. pneumoniae was the most prevalent causative agent in 20/32 (62.5 %) cases, followed by A. baumannii and Escherichia coli (Table 4) .
Colonization of the gut with GNB and incidence of sepsis. In order to get an indication of the impact of colonization of the gut with GNB on the occurrence of clinical sepsis, a simple association analysis between the two was conducted. The result of this analysis is shown in Table 5 .
The results showed that neonates with GNB in the gut had a consistently higher incidence of clinical sepsis than those without GNB in the gut. Thus, 82 % of neonates with GNB in the GA-2 sample and 49 % of neonates without GNB in the GA-2 sample had clinical sepsis. The difference in the incidence of clinical sepsis between neonates with and without GNB in the sample was statistically significant at P,0.05 for the second gastric sample and for both the stool samples.
Similarities between organisms obtained from gut and blood samples by antimicrobial susceptibility testing, serotyping and PFGE
In order to ascertain the similarity of the organisms found in the blood with those in the gut of individual neonates, antibiograms, serotyping (Escherichia coli only) and genotyping (PFGE) of the predominant organisms were carried out (Figs 1 and 2) . The overall results of the biotyping and genotyping are shown in Table 4 . The results showed that, of the 32 neonates with GNB in their blood, 24 (75 %) had the same species in their gut. There were 19 cases (59 %) in which the antibiogram matched and 16 cases (50 %) in which the isolate in the gut and in the blood had an indistinguishable pulsotype.
There were 20 neonates in whom K. pneumoniae was isolated from the blood. Among these, K. pneumoniae was isolated in the gut of 18 (90 %) neonates. The pulsotypes of the K. pneumoniae isolates from the blood and gut of the neonates are shown in Fig. 1 . In ten (50 %) cases, there was at least one isolate in the gut (gastric aspirate or stool) that had a pulsotype that was indistinguishable from that present in the blood.
There were four neonates in whom Escherichia coli was the cause of sepsis. In all four, Escherichia coli was isolated from the gut and there was at least one isolate in the gut (gastric aspirate or stool) that had a similar antibiogram, the same serotype and an indistinguishable pulsotype (Fig. 2) to the isolate present in the blood. There were also two neonates with Enterobacter cloacae and A. baumannii in their blood and also in their gut. In these two cases, the isolates in the blood had a profile that was indistinguishable from that in the gut of the neonates (data not shown).
DISCUSSION
The results of this study established that the gut of a large majority of neonates becomes colonized by GNB. GNB were found to be present in the gastric aspirate of .40 % of neonates within 4 h of birth and in the first faecal sample of 67 % of neonates. Within 7 days of birth, GNB were found in the gut of .99 % of neonates. This study showed that colonization of GNB in the neonatal gut is driven mainly by external factors such as a stay in the NICU (environment) or prolonged feeding by an enteral feeding tube, rather than the clinical state of the neonate. Earlier studies have shown that the large intestine provides an intestinal reservoir for many nosocomial pathogens (Donskey, 2004) and thus a stay in the environment of the NICU might lead to colonization of the gut with GNB. The use of gastronomy tubes has also been shown to be an independent risk factor for colonization by multiple antibiotic-resistant K. pneumoniae and Escherichia coli (Wiener et al., 1999) . As a policy, the tubes are generally changed after 72 h, probably making the formation of a biofilm possible on the plastic surface (Hurrell et al., 2009 ) and this may be a reason why prolonged feeding by an enteral tube is a risk factor for colonization.
Colonization is a natural phenomenon; however, the specific organisms or species that colonize the gut is extremely important. Whilst a diverse repertoire of GNB was found in the neonatal gut in our study, K. pneumoniae was the most predominant, followed by Escherichia coli. In addition, the colonization increased with a longer stay in the NICU, and this was particularly true for these two organisms. Colonization of neonates with K. pneumoniae has also been reported previously, and colonization was suggestive of an outbreak in one of the studies (Chugh et al., 1985; Hart, 1993; Richards et al., 2004) . The pulsotypes of K. pneumoniae and Escherichia coli also suggested that these two organisms colonize the gut differently. K. pneumoniae isolates of similar genotypes were found in the gut of different neonates, again indicative of widespread colonization (Chugh et al., 1985) . The origin of the K. pneumoniae isolates and its mode of spread in the NICU were not elucidated. The mothers or healthcare workers could have been agents in transferring this infection (Waters et al., 2004) . The persistence of the organism might be attributed to its ability to survive better under adverse conditions and hence to serve as a potential source of nosocomial infection (Bradford, 2001; Kristó f et al., 2007; Viswanathan et al., 2010) .
One limitation of the study was that there were fewer samples collected from the post-natal ward compared with the NICU. This was because of the difficulty in enrolling neonates from the ward, as most healthy neonates were discharged the next day from the post-natal ward.
In our study, antibiotic susceptibilities were used as a biotyping tool to assess the similarities of the isolates in the blood and the gut. However, of note was the resistance of K. pneumoniae to most groups of antibiotics, especially the cephalosporins. During the study period, third-generation cephalosporins, especially cefotaxime, along with gentamicin or amikacin were used in the NICU as a pre-emptive antimicrobial therapy for clinically suspected cases of septicaemia. We speculate that the use of cephalosporin, which exerts a selective pressure on the neonatal flora, resulted in the resistant isolates. Measures have been implemented since that time aimed at reducing cephalosporin usage in the NICU. Although a systematic evaluation of the effectiveness of these measures has not yet been carried out, a decrease in the number of cases of extended-spectrum b-lactamase-producing organisms has been noted in the NICU.
In order to understand the association of GNB in the gut with sepsis, GNB in the blood were analysed. Interestingly, K. pneumoniae was both the predominant organism colonizing the neonatal gut and the commonest organism isolated from neonatal blood. The National Neonatal Perinatal database from India and other studies from the developing world are in concurrence with our findings that K. pneumoniae is the commonest cause of neonatal sepsis in developing countries (Edmond & Zaidi, 2010; NNPD, 2005) . Apart from K. pneumoniae, the other organisms responsible for sepsis in the neonates also seemed to be represented in the gut.
The association of gut colonization and sepsis was recognized when results showed that neonates with GNB in the gut had a consistently higher incidence of clinical sepsis than those without GNB in the gut. PFGE results revealed that, in most cases, the organisms found in the blood were indistinguishable *A central venous catheter was not used during this period. DSignificant at P,0.05. dSignificant at P,0.01. §Defined as feeding for at least 72 h with the same feeding tube. Neonates fed with enteral feeding tubes were given expressed breast milk.
from their gut counterpart. This further supports the association of gut colonization with sepsis.
Whilst the current study does not examine the exact mechanism by which the gut flora could reach the blood stream, other studies on sepsis and its relationship with the gut can give us some clues. One mechanism could be the passage of bacteria from the gut to the blood, known as translocation. Several earlier papers have shown that bacterial translocation takes place; however, most of the studies, which were in adults or a very few in neonates, were in patients with surgical interventions (Berg, 1995; MacFie et al., 1999) . Sampling of the mesenteric lymph node would have confirmed translocation, but this was ethically not feasible in this group of non-surgical neonates. However, PFGE, used to confirm the relatedness of the isolates in the gut and those from the blood of individual cases, showed that in 50 % of cases the isolates were of indistinguishable pulsotypes. Hence, passage of gut organisms to the bloodstream can be anticipated. Another mechanism of transfer of the gut flora to the blood could be via the trachea. Poor acidity or poor peristaltic movements might lead to the subsequent transmission of GNB from the stomach to the trachea and cause sepsis. Studies by Schwartz et al. (1978) showed that, at least in the case of Enterobacteriace, colonization of the gut occurred prior to colonization of the trachea (Schwartz et al., 1978) .
Neonates with GNB in their gut can act as carriers and spread infection to others. It is known that carriers increase colonization pressure and the number of patients shedding bacteria increases the risk of infection for another patient (Bonten et al., 1998) .
In conclusion, this study established the prevalence of GNB colonization of the neonatal gut in a developing-country setup and indicates that external factors such as the environment and prolonged use of a feeding tube affect the colonization of the gut. Our results highlight the key role that K. pneumoniae plays as a major pathogen in such an environment. In addition, the study revealed an association of gut colonization with neonatal sepsis. This connection between nosocomial gut colonization and subsequent sepsis is especially important in a developing country such as India with a high population density and inappropriate hygiene conditions in hospitals. The increase in antibiotic resistance worldwide and the fact that the gut may act as a niche for exchange of antibiotic resistance can compound the magnitude of the problem (Salyers et al., 2004) . Hence, routine surveillance of gut flora could be useful in reducing neonatal infection.
Neonatal sepsis is a major problem across the globe, but, to the best of our knowledge, there have been limited studies exploring GNB colonization of the neonatal gut and its association with sepsis. Our investigation translates evidence obtained from animal models to neonatal populations, emphasizing that GNB colonization in favour of commensal bacteria may help to decrease sepsis in this population.
